me  Name  of  SUCH  Geology 


■ Structural  geology  addresses  the  architecture  of  the 
Earth  - the  physical  components  or  structures  that 
make  up  the  Earth's  crust,  and  that  form  in  response 
to  applied  forces  and  stresses. 

■ An  understanding  of  rock  structures  helps  us 
interpret  the  Earth's  history  and  aids  in  economic 
ventures. 

m Oil  exploration 
hi  Mineral  deposits 
Hhl  Construction  projects 


Petroleum  & Groundwater 
Exploration 


impermeable  beds 


Mineral  Exploration 
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petrol  s<jf 


veins  carrying 
ore  minerals 
are  structurally 
controlled 


Engineering 

Geology 


stable  foundations  unstable  foundations 
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Bedding  planes  and  igneous  intrusive  contacts  have  formed  at  the 
same  time  as  the  rocks  we  find  them  in.  Structures  formed  at  this 
time  are  called:  M 

Primary  Structure 


have  formed  after  the  rocks  we  find  them  in.  Structures  like  these 


are  called: 


SteoNBARY  (or  TiCTONie)  Strugturis 


These  are  produced  by  rock  deformation 


There  are  several  types  of  structures.  These  include: 


slate 


1.  Geological  Contacts 


So  far  we  can  see  that  geological  contacts  can  be: 

sedimentary  ^ 

igneous  or 


Pmmmw 


Another  primary  geological  contact  is  an  unconformity 

younger  rocks 


much  older  rocks 


the  unconformity  is  a buried  erosion  surface 


The  beds  below  the  unconformity  often  lie  at  an  angle  to  the  beds  above.  The  beds 
above  cross-cut  the  beds  below.  Any  surface  which  cross-cuts  or  terminates  or 

interrupts  another  is  described  as: 


faults  are  often 


dykes  are  defined 
as  discordant 
tabular  intrusive 
bodies 


beds 


structures  are  parallel  to 
other  surfaces  e.g.  the 
sill  is  concordant  to  beds 


U;  T 


F&thy 
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The  geological  contacts  enclose  rock  bodies. 

Within  the  rock  bodies  there  may  also  be  surfaces 
which  divide  the  rocks  into  blocks.  These  surfaces 
are  called  discontinuities,  and  include  joints,  fractures 
veins,  etc. 


oints 


limestone  bed 


3.  Shapes  and  features  developed  in  1.  and  2 


3-D  shape  of  the  boudins 


boudins  are  sausage- 
P shaped  structures 
in  deformed  veins 


folds  are  shapes 
defined  by 
beds  etc. 


Rectangular  boudins,  formed  by  stretching  of  a granitic  dike 
in  metasediments.  Cross-cutting  relations  are  preserved 
between  the  dike  margins  and  the  foliation,  showing  that  the 
dike  rotated  anticlockwise  relative  to  the  foliation. 
Hydrothermal  deposition  of  quartz  in  the  gaps  between  the 
boudins  is  a common  feature  in  boudinagea  felsic  rocks. 
Photo:  E.  Rykkelid. 


bottom 


showing  coarsest  grains  ^ ^ 
at  the  bottom  of  the  bed 


Features  on  surfaces  are  linear, 
e.g.  ripple  crests  on  bedding  planes 


or  striations 
(scratches) 
on  fault 

planes 

I 


4.  Patterns  on  the  grain  scale 


Graded  bedding 
is  a grain-size  pattern 


and  finest  ones  nearest  ^ , 

the  top  of  the  bed 


phenocryst 


7^ 

flow  banding 


phenocrysts  aligned  by 
lava-flow  (flow  lineation)  is 
an  example  of  a grain- 
orientation  pattern 


Both  graded  bedding  and  flow  lineations  are  primary  structures 


Mineral  banding  like  qneissositv 
is  an  example  of  a 
grain-distribution 
pattern 


uniform  distribution  of 
mica  grains 


Gneissosity  is  a secondary  (metamorphic) 
structure 


Tectonic 

forces 


cleavage  is  a secondary 
structure  and  is  usually 

discordant 


metamorphic  mica  flakes  define  cleavage 


These  grain  patterns  are  usually 
small  scale  structures 


Structures  may  be  found  on  several  scales.  These  are 


♦ seen  using  a microscope 


Mtsoseoptc  ~ ' * seen  in  outcrops  or  hand  specimens 


Macroscopic 


seen  on  maps  or  aerial  photographs 

Microstructures  are  also  called  textures  by  petrologists.  The  structures  listed  i 
4 as  a group  may  also  be  called  fabrics  (e.g.  sedimentary  fabrics,  metamorphic 
fabrics,  rock  fabrics,  petrofabrics  etc) 


Structures  may  also  be  broadly  divided  HflSntS  or  BWGTrlfcl 


wins 

joints 


deforming 

forces 


o 


beds 


deforming 

forces 


(though  some  structures 
lie  between  these  extremes) 


cleavages 

foliations 


Foldin 
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Many  structures  are  essentially  planar 


horizontal 


Cleavages 


Beds 


Joints 


! \ > 


Faults 


dipping 


Orientation  of  Planes 


vertical 


These  are  the  orientations  of  planes 

How  do  we  accurately  measure  these  orientations? 


strike  line 


The  compass  direction  of  this  line  is  called  the 
STRIKE  of  the  plane 


The  horizontal  line  in  a dipping  plane  is  called  the  strike  line 
(or  line  of  strike)  of  the  plane 

There  are  two  ways  to  record  compass  directions: 


AZIMUTH 


QUADRANT  NOTATION 


AZIMUTH 


To  represent  a compass  direction  as  an  azimuth  measurement  we  divide  the 
compass  into  360°  beginning  with  zero  at  the  North  and  counting  clockwise 

The  azimuth  directions  are  always  three-digit  numbers  e.g.  005  025  130 


030 


So  a direction  30°  clockwise  of  North  is  referred  to  as  030 


270  W 


E 090 


Opposite  directions  differ  by  180° 
e.g.  NE  and  SW  are  opposite  directions 

NE  = 045  and  SW  = 225 


1 35  Southeast  is  referred  to  as  1 35 


QUADRANT 

NOTATION 


To  represent  a compass  direction  using  quadrant  notation  we  first  divide  the  compas; 
four  quadrants:  the  NE  SE  SW  and  NW  quadrants 


N 


E 


For  any  direction  we  first  determine  which  quadrant  it  lie 


In  this  case  it  is  the  NE  quadrant 

In  quadrant  notation  this  direction  will  be  written  N ...  E,  whc 
...  represents  the  angle  from  N to  the  direction 


In  this  example 
the  angle  is  70° 


So  this  direction  is  written  as  N70E 


After  locating  the  strike  line  and  measuring  its  compass  direction,  the  next  step  is  to  find  two  other  lines: 


The  dip  line  is  used  to  measure  the  angle  of  DIP  of  the  plane 


the  dip  direction  of  the  plane 

which  is  also  at  90°  to  the  strike  line,  but 
is  a horizontal  line  pointing  in  the  direction 
of  the  dip 


Together  these  two  lines  define 
a vertical  plane 


a clinometer  is 
used  to  measure 
these  angles 


The  dip  is  measured  in  this  vertical  plane 
from  the  dip  direction  down  to  the  dip  line 


The  dip  is  always  less 
than  or  equal  to  90° 


The  dip  direction  is  normally  only  recorded  as  a quadrant 

SW  quadrant 


The  dip  direction  is  used  to 
distinguish  between  two  planes 
which  have  the  same  stri 
and  the  same  angle  of  dip 


■ The  attitude  of  planar  structures  is  defined  by  the 
strike,  dip 

° Strike  is  the  bearing  of  a horizontal  line  on  the  plane 
(a  scalar),  e.g.,  N40°E 

° Dip  is  the  inclination  of  the  plane,  measured  down 

■ dip  is  a vector;  it  gives  the  direction  and 
amount  of  dip  of  the  plane.  Example  for  dip: 
8o°N 

■ 8o°  is  the  amount,  N is  the  direction 

■ Example  of  planar  structure:  bedding,  fault, 
fold  axial  plane,  layering  in  lava,  foliation 


Line  of 
strike 


Horizontal  plane 


Vi,‘ 


i 


w 


,)  *!  • i 


Water  line 


4SU 

dip 
angle 


/fi 


So,  altogether  there  are  three  measurements  to  be  made  to  represent  the  orientation  of  a planar  structure 


These  are  recorded  in  the  following  format: 

Strike  ; Dip  Dip  direction 
e.g.  N20W  ; 35  SW 


Linear  structures  are  very  common  too 


a fold  hinge  is 
a linear  structure 


striations  are  linear 
structures  on  a plane 


parallel  long  axes  of  pebbles 
define  a linear  structure 


Vo 


cleavage 


the  intersection  of  bedding  and 
cleavage  is  a linear  structure  on 
a plane 


Orientation  of  Lines 


The  measurement  of  the  orientation  of  lines  is  easier  than 
for  planes,  and  requires  only  two  measurements 


TREND 
of  the 
plunging 
linear 
structure 


First,  construct  the  vertical  plane 
the  plunging  linear  structure,  containing 


The  strike  of  this  plane  is  measured  with  a 
compass. 

Specifically  the  direction  towards  which  the 
line  is 

plunging  should  be  measured. 


This  called  the  TREND  of  the  line 


Then  the  angle  in  this  vertical  plane  from  the  trend  line 
down  to  the  plunging  line  is  measured  using  a clinometer. 


This  called  the  PLUNGE 
of  the  linear  structure 


PLUNGE 
varies  from 
0°  to  90° 


So,  altogether  there  are  two  measurements  to  be  made  to 
represent  the  orientation  of  a linear  structure: 


Notice  that  a vertical 
line  does  not  have  a trend 


These  are  recorded  in  the  following  format: 

Plunge — ► Trend 
e.g.  25 ► S40W 


There  is  another  way  to  measure  the  orientation  of  a line. 

It  is  particularly  useful  when  the  linear  structure  naturally  occurs 
as  a feature  on  a plane  e.g.  striations  on  a fault,  crenulations  on  a cleavag 


he  angle  from  the  strike  of  the  plane  down  to  the  lineation  is  measured. 


fault  plane 
striations 


As  with  dip  direction,  we  must  also  record 
pitch  direction  simply  as  a quadrant  e.g.  NE,  SW| 
etc 


This  is  because  there  are  two  possible  lines  with 
the  same  pitch  angle  but  opposite  pitch  directions 


Schematic  illustration  of  pitch  as  measured  on  a fault  surface. 


■ The  attitude  of  linear  structures  is  defined  by 

the  trend,  plunge  ( together  they  define 
a vectofi 

n Trend  is  the  bearing  of  the  line 
° Plunge  is  the  inclination  of  the  line 

■ Linear  structure  are  also  defined  by  their 
pitch  on  a given  plane: 

Pitch:  The  acute  angle  between  the  line 
and  the  strike  of  the  plane  on  which  the 
line  lies 


How  do  we  represent  the  measurements  of  planes  and  lines  on  a map? 


The  first  most  important  thing  to  do  with  structural  orientation  data  is  to  put  it 


For  planar  measurements 
we  use  a symbol  called  th 
dip-and-strike  symbol 


The  longer  line  of  the  symbol  represents  the  strike 


The  short  stroke  represents  the  dip  direction 


. =!>ou j jfJEuL*ja 
cwr&ciJy  orierl' 
on  a man 


For  example,  we  will  plot  the  dip-and-strike  symbol  for  a bedding 
measurement  of  N40E;  60  SE  at  location  A 


First,  we  draw  a line  through  A in  the  direction  N40E  and  plot  in  strike  part  of  the  symbol 
^^^Then  the  dip  stroke  of  the  symbol  is  drawn.  This  must  be  in  the  direction  of  the  dip 
SE  quadrant  dip  direction 

Finally,  the  dip  angle  is  written  next  to  the  dip  stroke.  In  this  example  it  is  60  degrees 


For  example,  we  will  plot  the  arrow  symbol  for  a fold  hinge  measurement  of 
35  N40E  at  location  A 


First,  we  draw  a line  through  A in  the  trend  direction  of  the  hinge  i.e.  N40E  and  draw  the 


arrow 


Then  the  plunge  angle  (here  35  degrees)  is  written  at  the  tip  of  the  arrow  symbol 


• Primary  Structures:  These  are 

sedimentary  structures  that  may  be  in 
strata  prior  to  deformation.  They  may  be 
quite  useful  as  strain  markers  (giving  us 
an  initial  state)  and  as  way-up  indicators, 
setc. 

i 

• They  must  not  be  mistaken  for 
secondary  structures,  which  are  the 
result  of  deformation. 


Primary  Structures 


We  know  that  primary  structures  form  at  the  same  time  as  the  host  rocks  are  forming. 
Primary  structures  are  either  sedimentary  or  igneous  only. 

Structures  which  form  during  metamorphism  are  secondary.  bedding  top  structures 


Layering  (bedding  and  lava  flows)  is  the  most  common 
and  important  primary  structure,  and  most  other  primary 
structures  can  be  related  to  their  position  in  the  layers: 


within-bed  (internal)  structures 


bedding  sole  structures 


What  do  primary  structures  tell  us? 


They  tell  us: 

! 


The  younging  vector  points  from  the  base  of  the  bed 
towards  the  top  of  the  bed 


* the  environmental  conditions  at  the  time  of  sedimentation  etc. 

* geometry  of  the  basin  of  deposition 

* the  original  orientation  of  the  rocks  (horizontal) 

* the  stratigraphic  sequence  (“younging”) 

bottom  of  i bo  bod 


This  is  a very  important  feature  to  look  for  when  mapping 


Primary  structures  formed  at  the  tops  of  beds 


mud  cracks 


ripple  marks 


scour-and-fill 


flute  casts 


bottom  o 
the  bed 


both  of  these  are 
^ produced  by  currents 
with  less  erosive  power, 
than  those  that  form 
scour-and-fill 


Primary  structures  formed  within  the  beds  (internal  structures) 


beddin 
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Some  more  primary  volcanic  structures  which  are  useful  for  younging 


►illow  lavas 


i 


the  base  of  a pillow 
conforms  to  the  shape 
of  the  pillows  below 


disc-shaped  vesicles 
near  top  of  the  flow 


vesicle  shapes 


spherical 

vesicles 


tubular  vesicles 
at  base  of  the  flow 
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chilled  lava  base 


Some  other  primary  igneous  structures 


flow  foliations 


■ /£/'/ 


baked  contact 


flow  lineationy. 
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SChlieren  are  complex  flow  bands 
defined  by  concentrations  of  dark 
minerals,  e.g.  biotite 


These  form  planar  and  linear  fabrics 


These  primary  igneous  fabrics  may  be  found  in  both  volcanic  and  intrusive  igneous  rocks 


heat  flow 


heat  flow 


Extension  fractures 
characteristic  of  tabular 


extrusive  igneous  rocks 

° i.e.,  form  in  lava  flow, 
dike 


/ 


There  is  an  internal  structure  called  a SLUMP  which  forms  by  collapse  of  wet  sediments  in 
response  to  tilting  or  agitation  or  loading: 


slumping  is  particularly  common 
in  cross-bedded  strata  because 
the  cross-beds  are  already  tilted 


*•  palaeoslope 


They  are  formed  by  sliding 
downslope  so  they  are  good 
palaeoslope  indicators 


Slumps  are  folds,  often  tight  but 
confined  to  a single  bed 


Since  they  form  after  deposition  they  cannot  be  truly  primary  structures 


Structures  formed  during 
deposition  are  PRIMARY 


Structures  formed  after 
lithification  are  SECONDARY 


Sediment  deposition 


e.g.  sand 


e.g.  sandstone 


Structures  formed  after  deposition 
but  before  any  lithification  processes 
are  called  PENECONTEMPORANEOUS 


e.g.  slumps,  mudcracks 


-Boundaries  separating 
one  rock  unit  from 
another 

-Two  types: 

- 1.  Normal  conformable 
■ 2.  Unconformable 


■ Horizontal  contact  between  rock  units  with  no 


break  in  deposition  or  erosional  gaps 
■ no  significant  gaps  in  geologic  time 


■ Erosion  surfaces 
representing  a significant 
break  in  deposition  (and 
geologic  time) 

■angular  unconformity 

■disconformity 

■ non-conformity 


■ Bedding  contact  which  discordantly  cuts  across  older 
strata 


■ discordance:  strata  are  at  an  angle  to  each  other 


Anwdaf— dufim 


1.  Sediments  deposited 


2.  Sequence  folded  and 
surface  eroded 


3.  Marine  transgression 


4.  Deposition  of  second 
sequence,  subsidence 
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■ Sedimentary  strata  overlying  igneous  or 
meta morph ic  rocks  across  a sharp  contact 


■ example:  Precambrian-Paleozoic  contact  in  Jordon 


■ The  structural  relations  between  bed 
contacts  are  important  in  determining: 

■ presence  of  tectonic  deformation/uplift 

■ sequence  of  events 

■ relative  ages  of  rock  units 

■ principle  of  original  horizontality 

■ principle  of  original  lateral  continuity 

■ principle  of  cross-cutting 

■ principle  of  inclusion 


Sedimentary  rocks  are  deposited  as  essentially 
horizontal  layers  (Steno,  1600's) 

exception  is  cross-bedding  (e.g.  delta  foresets) 

dipping  sedimentary  strata  implies  tectonic  tilting 
and/or  folding  of  strata 


Sedimentary  strata  extend  as 
laterally  continuous  layers  in 
all  directions  within  a basin 
until: 


■they  thin  and  pinch  out 

■terminate  against  the  basin 
edges 
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■ Inclusions  within  a host  rock  are  always  older 
than  the  host  (J.  Hutton) 


«* 


Fatky  Mokam&d, 
Alex.  University 


Structures  acquired 
during  deposition  of 
sedimentary  rock  unit 


horizontal  bedding 
(stratification)  is 
most  common 
structure  in 
sedimentary  rocks 


■ Cross-bedding  - inclined  stratification  recording 
migration  of  sand  ripples  or  dunes 


FatWij  Mokai/nedj 
Alex . University 


Ripples  - undulating  bedforms  produced  by 
unidirectional  or  oscillating  (wave)  currents 


Ripple 

marks 


Graded  bedding  - progressive  decrease  in  grain-size 
upward  in  bed 

■ indicator  of  upwards  direction  in  deposit 


Mud  cracks  - cracks  produced  by  dessication 
(drying)  of  clays/silts  during  subaerial  exposure 


FatWy  Mokamed, 
Alex.  University 
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■ Sole  marks  - erosional  grooves  and  marks  formed 
by  scouring  of  bed  by  unidirectional  flows 

■ good  indicators  of  current  flow  direction 


Primary  Igneous  Structures 

low  lavas  - record 

extrusion  and  quenching  f'  ^5 

of  lava  on  sea  floor 

convex  upper  surface 

indicates  way  up  ’ 8k 


Flow  stratification  - layering  in  volcanic  rocks 
produced  by  emplacement  of  successive  lava 
sheets 

■ stratification  of  ash  (tephra)  layers 


Stratified  pyroclastic  flow 


Sequence  of  basaltic  flows 


■ Deformation  is  a general  term 

that  refers  to  all  changes  in  the 
original  form  and/or  size  of  a rock 
body 

■ Most  crustal  deformation  occurs 
along  plate  margins 

■ Deformation  involves 

Force  - that  which  tends  to  put 
stationary  objects  in  motion  or 
changes  the  motions  of  moving 
objects 


■ Deformation  involves 

■ Stress  - force  applied  to  a given  area 

■ Types  of  stress 

• Compressional  stress  - shortens  a rock 
body 

• Tensional  stress  - tends  to  elongate  or 
pull  apart  a rock  unit 

• Shear  stress  - produces  a motion 
similar  to  slippage  that  occurs  between 
individual  playing  cards  when  the  top  of 
the  stack  is  moved  relative  to  the 
bottom 


St  ress 

Uniform  - 

compressional 

Differential  - 

compressional 

tensional 

shear 


STRESS  = F/A  (usually  kgf/cm2  or  lbs./in2) 

Compressive  ("pushing") 


Tensile  ("pulling") 


Shear  (rotational) 


UNIFORM 

STRESS 


* 


Uniform  stress  - 
equal  force  applied 
in  each  direction 
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Differential 

stress  - force 
applied  is 
greater  in  one 
direction 


B.  Horizontal  compressional  stress  causes  rock  bodies 
to  shorten  horizontally  and  thicken  vertically 


CUBE 

OF 

ROCK 


P 


C.  Horizontal  tens  onal  stress  causes  rock  bodies 
to  lengthen  horizontally  and  th  n vertically 


ISISIOM 


D.  Shear  stress  causes  displacements 
along  fault  zones  or  by  ductile  flow 


